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We report an ion exchange chromatographic puriﬁcation method powerful for preparation of virus
particles with ultrapure quality. The technology is based on large pore size monolithic anion exchangers,
quaternary amine (QA) and diethyl aminoethyl (DEAE). These were applied to membrane-containing
icosahedral bacteriophage PRD1, which bound speciﬁcally to both matrices. Virus particles eluted from
the columns retained their infectivity, and were homogenous with high speciﬁc infectivity. The yields of
infectious particles were up to 80%. Puriﬁed particles were recovered at high concentrations, approxi-
mately 5 mg/ml, sufﬁcient for virological, biochemical and structural analyses. We also tested the
applicability of the monolithic anion exchange puriﬁcation on a ﬁlamentous bacteriophage phi05_2302.
Monolithic ion exchange chromatography is easily scalable and can be combined with other preparative
virus puriﬁcation methods.
& 2012 Elsevier Inc. All rights reserved.Introduction
Prokaryotic viruses have primarily been regarded as convenient
experimental model systems, but according to present knowledge
they are also the major component of the biosphere (Danovaro
et al., 2011; Rohwer and Thurber, 2009; Suttle, 2007). In addition,
the role of eukaryotic viruses as destructive disease-causing agents
is unquestionable. Microscopy of environmental samples has given
a hint of the enormous virus population sizes found in nature
(Bergh et al., 1989; Srinivasiah et al., 2008), but it does not provide
information on the amount of the infective viruses among all virus
like particles (VLPs) (Weinbauer, 2004). Thus, isolation of an
infective virus and its puriﬁcation is one of the ﬁrst steps in the
characterization of any new virus (Atanasova et al., 2012).
Although the viral sequence diversity is indeﬁnite due to mutations
and recombination, it seems that the number of different virus
morphotypes might be limited (Abrescia et al., 2012; Bamford,
2003; Oksanen et al., 2012).
The production of puriﬁed viruses with high quality and quantity
for virological, biochemical and structural work requires simple and
efﬁcient downstream methods for puriﬁcation and concentration of
viral particles. From a biopharmaceutical point of view, the successful
puriﬁcation of VLPs offers a promising approach to the production of
viral vaccines (Vicente et al., 2011). Viruses (and VLPs) possess
different biological and biochemical properties and therefore puriﬁca-
tion conditions must be established speciﬁcally for each virus.
Preparative methods used to purify viruses are based mostly onll rights reserved.
Oksanen).different ﬁltration, precipitation or ultracentrifugation (rate zonal and
equilibrium centrifugation) techniques.
Monoliths are an alternative puriﬁcation format to conventional
ultracentrifugation based methods for puriﬁcation of large macro-
molecular complexes (Barut et al., 2008). The size range of viruses
[particle diameters between 20 and 750 nm (King et al., 2012)]
limits the application of chromatographic resins used for protein
puriﬁcation. One of the commercially available monoliths is the
Convective Interaction Media (CIM) monolithic columns based
on glycidylmethacrylate-ethylenedimethacrylate (GMA-EDMA) or
styrene-divinylbenzene polymers (BIA Separations, www.biasepara
tions.com). The monoliths, which are hollow sponge-like structures
with a well deﬁned pore size distribution (1.2 mm or more), provide
a large surface area for binding and thus improving accessibility of
viruses and other large complexes such as VLPs to the matrices. The
rigid and stable structure allows the possibility of preparation of
short columns for fast separation. The highly interconnected net-
work of large diameter channels enables also laminar ﬂow of the
mobile phase and low pressure drop even at very high volumetric
ﬂow rates. Monoliths provide a large set of different surface
chemistries and have been used in several puriﬁcation applications
(Svec, 2010; Vlakh and Tennikova, 2009). Monolithic supports have
also been used for isolation, concentration and puriﬁcation of
different types of viruses and other macromolecular complexes
(Adriaenssens et al., 2012; Kovac et al., 2009; Kramberger et al.,
2010, 2004; Smrekar et al., 2011; Trauner et al., 2011), proteins
(Albreht and Vovk, 2012), immunoglobulins (Neff and Jungbauer,
2011), DNA (Bencina et al., 2004; Giovannini et al., 1998) and RNA
(Chatterjee et al., 2010; Perica et al., 2009).
To test the applicability of anion exchange monolithic chro-
matography, we apply the method to the membrane-containing,
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and Bamford, 2011; Olsen et al., 1974) and to the ﬁlamentous
bacteriophage phi05_2305 isolated from septicemia samples
(Gaidelyte et al., 2007; Krupovic et al., 2011). PRD1 infects
gram-negative bacteria such as Escherichia coli and Salmonella
enterica, while ﬁlamentous phage phi05_2302 was originally
isolated from Pseudomonas aeruginosa Pa2302 strain (Gaidelyte
et al., 2007).
A wealth of biochemical and structural information has been
accumulating on PRD1 during the past 30 years (Abrescia et al.,
2004; Cockburn et al., 2004; Grahn et al., 2006). This well-
established viral model system shares several similarities with
human adenovirus (Benson et al., 1999) and serves as an ideal
virus model to study virus structures and functions and to
understand the mechanism of the viral nucleic acid packaging
and delivery in a system with a biologically active membrane
component (Grahn et al., 2002; Stro¨msten et al., 2005; Ziedaite
et al., 2009). The virion is about 65 nm in diameter and con-
structed from the outer icosahedral protein capsid, which
encloses the viral membrane composed of half lipid and half
protein surrounding the linear dsDNA genome (Oksanen and
Bamford, 2011). The ﬁve-fold vertices are multi protein com-
plexes required for host recognition (11 vertices) or viral nucleic
acid packaging (one unique vertex) (Gowen et al., 2003;
Huiskonen et al., 2007; Stro¨msten et al., 2003). One of the major
achievements was the determination of the X-ray structure of
PRD1 at 4 A˚ resolution (Abrescia et al., 2004; Bamford et al., 2002;
Cockburn et al., 2004). The 66 MDa particles structure visualized
the membrane and membrane proteins and it also provided
insights into the size determination of icosahedral viruses. One
of the key elements for the success was the development of a
protocol to purify highly puriﬁed virus particles, which retained
their infectivity (Walin et al., 1994). The approach exploited
MemSep anion exchange cellulose membrane cartridges, which
are no longer available on the market. In this study, we report a
scalable PRD1 virus puriﬁcation method consisting of monolithic
ionic exchange chromatography, which can be combined with
polyethylene glycol (PEG) precipitation and ultracentrifugation.
We also applied the same puriﬁcation methodology to the ﬁlamen-
tous phage phi05_2302 to test whether the method is applicable to
a virus with different properties and virion morphology.Fig. 1. Speciﬁc binding of PRD1 virus to anion exchangers. Viruses (410
pfus) were applied to CIM 1-ml-QA (A) and CIM 1-ml-DEAE (B) columns in 20 mM
potassium phosphate pH 7.2, 1 mM MgCl2, and eluted using a linear gradient
(0–1.5 M NaCl, 1 ml/min). Optical density and molar salt concentration (NaCl) of
the elution gradient are indicated by solid and dashed lines, respectively. Prior the
chromatographic puriﬁcation step the virus was PEG-precipitated and puriﬁed by
rate zonal centrifugation.
Table 1






NaCl (M) for elution 0.6–0.7 0.8–0.9
Dynamic binding capacityb (mg of protein) 4.6 4.9
Dynamic binding capacityb (pfu) 7.01013 6.11013
Protein concentration, the peak fraction
(mg/ml)
4.6 5.6
Protein concentration, on averagec (mg/ml) 2.3 2.4
Titer, on averagec (pfu/ml) 3.51013 3.11013
Titer, the peak fraction (pfu/ml) 6.51013 8.21013
Speciﬁc infectivity, on avaragec (pfu/mg of
protein)
1.51013 1.31013
a Calculated from the data presented in Fig. 2.
b Dynamic binding capacity of 1-ml-CIM monolithic.
c Calculated from ten peak fractions in Fig. 2.Results
Speciﬁc binding of PRD1 to QA and DEAE matrices
PRD1 was obtained from a clariﬁed cell lysate by PEG pre-
cipitation and pre-puriﬁed by rate zonal centrifugation in sucrose
(Bamford and Bamford, 1990) and used for chromatographic
puriﬁcation testing. PRD1 retains its infectivity in a wide range
of NaCl concentrations (Kukkaro and Bamford, 2009). In all
puriﬁcation steps the infectivity of viruses was determined by
plaque assay (the ratio of PRD1 plaque count and the number of
infectious particle is close to one). The binding of pre-puriﬁed
PRD1 to QA and DEAE monolithic matrices was tested in phos-
phate buffers of different pH values in a range in which the virus
stays functional (Caldentey et al., 1993; Ziedaite et al., 2009). It
was observed that the tested pH values (pH 6–8) did not have any
signiﬁcant difference in the binding or elution of the virus
particles with either of the matrices (data not shown). In addition,
the infectivity and recovery of the virus material was comparable.
Therefore pH 7.2 was selected for further experimentation. Pre-
puriﬁed PRD1 virions were bound quantitatively by both QA and
DEAE columns and eluted as a single peak when a linear gradient
was used (0–1.5 M NaCl; Fig. 1). Based on plaque assay less than0.001% of the infective particles were found in the ﬂow-through
showing that in practice all viruses were bound to the matrices.
The recoveries were up to 80% of infective viruses (60–80%). The
speciﬁc infectivity of the viruses puriﬁed both in QA or DEAE
columns was over 11013 pfu/mg of protein.Maximal capacity of the monolithic columns for virus puriﬁcation
To maximize the virus yield and to obtain virus material at high
concentration, the dynamic binding capacities of QA and DEAE
columns were ﬁrst determined. We applied pre-puriﬁed PRD1
virions (PEGþrate zonal centrifugation) to both QA and DEAE
columns and noticed that the strong (QA) and weak anion
exchanger (DEAE) further puriﬁed and concentrated PRD1 with
almost equal efﬁciency. Table 1 summarizes the puriﬁcation of
PRD1 in QA and DEAE columns. The virus production and puriﬁca-
tion processes could be accomplished within one working day
including the preparation of the liquid culture, PEG-precipitation,
rate zonal centrifugation and chromatography. PRD1 eluted from
the QA column in 0.6–0.7 M and from DEAE in 0.8–0.9 M NaCl,
respectively (Fig. 2A, B). In both cases, the maximal binding
Fig. 2. Maximal capacity of the anion exchange chromatographic puriﬁcation of PRD1 virus. Viruses were loaded onto CIM 1-ml-QA and 1-ml-DEAE columns equilibrated
with 20 mM potassium phosphate pH 7.2, 1 mM MgCl2, until the maximal binding capacity was achieved and the viruses were detected in the ﬂow through. The column
bound viruses were eluted from QA (A) and DEAE (B) by a linear NaCl gradient (0–1.5 M NaCl, 15 min, 1 ml/min). NaCl concentration during the elution is shown by a
dashed line. Virus titer (solid line with black circles, deﬁned by plaque assay) and protein concentration (dashed line with black circles, determined by Bradford assay) of
the collected fractions are shown. SDS-PAGE analysis (Coomassie blue staining) of the samples collected during the elution from QA (C) and DEAE (D). Ten peak fractions
are shown as indicated by a gray bar in A and B (see also Table 1). The elution times of the fractions are indicated on the top. Positions of the major PRD1 proteins are
shown on the right. The virus used as a sample was prepared as in Fig. 1. (E) For comparison, SDS-PAGE analyses of PRD1 viruses puriﬁed by two methods are shown:
(i) centrifugation based method (labeled 2PRD1_C) and (ii) centrifugation and chromatography based method (labeled 2PRD1_M). 2PRD1_C was puriﬁed by
PEG-precipitation, rate zonal centrifugation in sucrose, density gradient centrifugation in sucrose and concentrated by differential centrifugation. 2PRD1_M was puriﬁed
by PEG-precipitation, rate zonal centrifugation in sucrose and monolithic chromatography (CIM DEAE).
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mined by Bradford assay using BSA as a standard) per 1 ml of
matrix (Table 1). According to the plaque assay 451013 pfus
could be eluted from 1-ml QA or DEAE columns (Table 1). The
maximal protein concentrations for the virus peaks were 4.5 and
5.5 mg/ml for QA and DEAE, respectively. The maximal concen-
tration factor we obtained for our pre-puriﬁed virus material was
close to 50 times (0.1 mg/ml of the sample was concentrated to
5 mg/ml) yielding puriﬁed viruses with a titer of over
51013 pfu/ml. The purity was evaluated by SDS-PAGE and
Coomassie staining and determining the speciﬁc infectivity of the
samples. The speciﬁc infectivity of the eluted material (Table 1)
demonstrated the homogeneity and high quality of the virus
material. In addition, the SDS-PAGE gel proﬁle of eluted material
revealed that only minor host derived impurities were detected
(Fig. 2C, D). For comparison, we puriﬁed PRD1 using the same
phosphate buffer and the published protocol based on centrifuga-
tion (Bamford and Bamford, 1990) including PEG-precipitation,
rate zonal centrifugation in sucrose, density gradient centrifugation
in sucrose and differential centrifugation (for concentration).
The time needed for the puriﬁcation of PRD1 (from the preparationof the lysate to the puriﬁed material) was around two working
days and yielded virus material with speciﬁc infectivity of
1.51013 pfu/mg of protein. It was apparent from the puriﬁed
virus protein proﬁles (Fig. 2E) that the use of ion exchange
chromatography in combination with PEG-precipitation and rate
zonal centrifugation was as effective but faster for puriﬁcation as
the use of centrifugation based methods only.
Ultracentrifugation-free chromatographic virus puriﬁcation
PRD1 virus particles directly from the lysate supernatant were
passed through the monolith column without pre-puriﬁcation
steps resulting in undesirable outcome. The viscosity of the
material prevented the proper ﬁltering of the samples before
injection even after extensive DNase I treatment of the lysate.
The lysate contained large amounts of UV-adsorbing impurities
preventing the separation of the virus peak using UV-detection
(data not shown). However, pre-puriﬁcation of the lysate super-
natant by PEG precipitation (Yamamoto et al., 1970) combined
with chromatography allowed us to purify PRD1 without any
ultracentrifugation. For chromatography the PEG-precipitated
Fig. 3. Ultracentrifugation-free puriﬁcation of PRD1 virus by anion exchange chromatography. Viruses were PEG-precipitated from the lysate supernatant and bound
to monolithic CIM 1-ml-QA and 1-ml-DEAE columns in 20 mM potassium phosphate pH 7.2, 1 mM MgCl2. The elution proﬁles of QA (A) and DEAE (B) are shown (a linear
0–1.5 M NaCl gradient, 30 min, 1 ml/min). Optical density and molar salt concentration (NaCl) of the elution gradient are indicated by solid and dashed lines, respectively.
SDS-PAGE analysis (Coomassie blue staining) of the fractions (marked by gray bars in A and B) collected during the elution from QA (C) and DEAE (D). The virus peaks are
indicated by arrow heads (see also Table 2). The protein patterns of the PEG-precipitated PRD1 used as a sample for chromatography (labeled PEG in C) and PRD1 puriﬁed
by PEG-precipitation, rate zonal centrifugation in sucrose and monolithic DEAE chromatography (labeled 2PRD1_M in C and D) are shown. Positions of the major PRD1
proteins are marked on the right.
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lysate contains mature virions (80% of the particles) and empty
procapsids (20% of the particles) (Bamford and Bamford, 1991).
Those mixtures of virus particles eluted from QA and DEAE
columns as single peaks at 0.5 M and 0.7 M NaCl, respectively
(Fig. 3A, B). No separation between the mature virions and empty
procapsids could be detected. Both matrix types were purifying
PRD1 efﬁciently, however, taking all data into account QA was
slightly better than DEAE (Table 2, Fig. 3). The ﬂow through of
both columns contained less than 0.001% of the infective particles
loaded and the virus was concentrated efﬁciently (Table 2). Using
PEG precipitation and chromatography we recovered approxi-
mately 12–13 mg of puriﬁed PRD1 virus per liter of cell lysate.
The recovery of infectious viruses in the experiments shown in
Fig. 3 were 85% for QA and 70% for DEAE (deﬁned as pfus,
Table 2), which were repeatable in other experiments. Thespeciﬁc infectivity of the virus preparation increased remarkably
when compared to the sample before the chromatographic
puriﬁcation step (Table 2) reaching the speciﬁc infectivity
reported previously for the rate zonal puriﬁed PRD1 (Bamford
and Bamford, 1991) and in this study (Table 1). SDS-PAGE
analysis of the elution fractions showed that viruses were
separated from most of the cellular impurities (Fig. 3C, D).
Puriﬁcation test on the ﬁlamentous virus particles using monolithic
QA and DEAE matrices
To test the monolithic virus puriﬁcation method using a virus
with different morphology than PRD1, a non-membrane containing
ﬁlamentous phage phi05_2302 was produced and pre-puriﬁed by
polyethylene glycol precipitation and rate zonal centrifugation.
Virus particles were subjected to monolithic anion exchange
Table 2
Chromatographic puriﬁcation of PRD1 by monolithic QA and DEAE columns.
PEG virus for QA QA – Eluted virusa PEG virus for DEAE DEAE – Eluted virusb
NaCl (M) for elution – 0.5 – 0.7
Volume (ml) 50 2 50 2
Titer (pfu/ml) 2.51011 5.61012 2.81011 4.91012
Virus yield (mg of protein/one liter of lysate) 30 13 30 12
Virus yield (infectious virus [pfu]/1 l of lysate) 2.61014 2.21014 2.81014 2.01014
Virus yield (pfus, %) – 85 – 70
Speciﬁc infectivity (pfu/mg of protein) 7.21012 1.71013 8.91012 1.61013
a Calculated from the peak fractions marked by arrow heads in Fig. 3C.
b Calculated from the peak fractions marked by arrow heads in Fig. 3D.
Fig. 4. Puriﬁcation of the ﬁlamentous virus phi05_2302 by monolithic anion exchange chromatography. Prepuriﬁed viruses (PEG precipitation and rate zonal
centrifugation) were loaded onto CIM 1-ml-QA and 1-ml-DEAE columns equilibrated with 20 mM Tris–HCl pH 7.2, 150 mM NaCl, 1 mM MgCl2, 0.2 mM CaCl2. The
column bound viruses were eluted from QA (A) and DEAE (B) by a linear NaCl gradient (0–1.5 M NaCl, 30 min, 1 ml/min). Optical density and NaCl concentration during the
elution is shown by solid and dashed lines, respectively. The peak fractions (marked by gray bars in A and D) were analyzed (B, E) by plaque assay and (C, F) by SDS-PAGE
and Coomassie staining. Sample loaded to the monolithic column (S) is shown in C and F. Positions of the marker proteins and the major structural phi05_2302 proteins as
well as the elution times are shown on the left, on the right and on the top, respectively, in C and F.
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phi05_2302 virions were eluted from QA column as a single peak
at 0.5 M NaCl when a linear gradient was used (0–1.5 M NaCl;
Fig. 4A). Plaque assay and SDS-PAGE analysis of the elution fractions
(Fig. 4B, C) revealed that the infectivity co-associate with the fractions
containing two structural proteins (the minor protein 80 kDa and
the major protein 10 kDa). Clear separation between the virions
and the major host-derived impurity (50 kDa) was detected and
the recovery of infective virions was 70%. Using the same condi-
tions and sample, two separate elution peaks (at 0.75 M and
0.9 M NaCl) were observed with DEAE column (Fig. 4D). Infective
virions were found mostly in the latter elution peak containing also
the two structural proteins (Fig. 4E, F) and the recovery of infectivevirions was lower than in QA (50%). The ﬁrst elution peak contained
mostly non-infective material composed of only one protein (the
major protein 10 kDa) suggesting that the particles were partly
inactivated during the DEAE column puriﬁcation.Discussion
Various virus puriﬁcation techniques relying on different
physico-chemical features are the bases for the development of
novel puriﬁcation schemes. Anion exchange chromatographic
puriﬁcation data obtained here on the icosahedral membrane-
containing virus PRD1 (Figs. 1–3) and the ﬁlamentous virus
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valid alternative for traditional virus puriﬁcation methods. Like
always in puriﬁcation of biological macromolecules and their
complexes (proteins, nucleic acids, or macromolecular complexes
like viruses etc.), it is improbable that the same puriﬁcation
method could be applied to many specimen and every puriﬁca-
tion scheme need to be optimized. This has also been noticed
using monolithic supports for puriﬁcation of head-tailed viruses
(Adriaenssens et al., 2012). However, monoliths are easy to use
and conditions used for PRD1 showed the potential of this
technology. The conditions determined here are good starting
points for additional viruses as demonstrated here for one helical
virus (Fig. 4).
PEG precipitation alone is not sufﬁcient for the puriﬁcation of
viruses from host impurities (Yamamoto et al., 1970), but it is still
an efﬁcient precut puriﬁcation technique simplifying the down-
stream puriﬁcation steps. The beneﬁt of PEG precipitation is also
that it decreases the volume of the sample to be loaded in the
following steps. Here, we demonstrate that the large pore size
monolithic matrices are a convenient and efﬁcient way to purify
viruses. Besides developing a rapid and simple procedure, the key
goal was to preserve virus infectivity during the puriﬁcation
process and to obtain pure viruses at high concentration without
any additional concentration steps. The chromatographic virus
puriﬁcation procedure has several advantages over the puriﬁca-
tion techniques based on centrifugation methods only. With the
use of the monolithic columns the ultracentrifugation steps could
be omitted and the virus puriﬁcation procedure became signiﬁ-
cantly shorter (Fig. 3, Table 2). This two-step puriﬁcation method
based on PEG precipitation and a subsequent anion exchange
chromatography can produce milligrams of puriﬁed viruses in a
single chromatographic step, which can be easily performed
within one working day (over 10 mg of PRD1 per 1 l of the lysate,
Table 2). The virus infectivity and integrity was not compromised,
since the speciﬁc infectivity of the eluted PRD1 was constantly
over 11013 pfu/mg of protein (Bamford and Bamford, 1990;
Walin et al., 1994). In addition, the chromatographic technique is
easily scalable due to the different size of monolithic columns
available (up to 8000 ml) circumventing the limitations of the
ultracentrifugation based methods. About 1 ml of CIM monoliths
could bound up to 5 mg of PRD1 viruses (up to 71013
infective viruses, Table 1).
The concentrations of virus particles obtained from the gra-
dients after equilibrium centrifugation are often too low (less
than 1 mg/ml) for many structural applications such as X-ray
crystallography or biochemistry. Monolithic columns concen-
trated the puriﬁed PRD1 up to 5 mg/ml (Table 1) preventing the
usage of additional concentration steps that might cause loss of
infectivity. This is in accordance with previously reported PRD1
chromatographic puriﬁcation scheme employing MemSep anion
exchange cellulose membrane cartridges (Millipore, not anymore
commercially available) producing viruses even at higher con-
centration (up to 10 mg/ml) (Walin et al., 1994). A drawback of
the monolithic technology is that it does not seem to separate
DNA-containing mature virus particles from the DNA-less pro-
capsids (Fig. 3), which can be accomplished by rate zonal
centrifugation separating particles according to the differences
in their sedimentation velocity.
This work showed that monolithic columns can be easily
integrated to other puriﬁcation methods in almost any step during
the downstream puriﬁcation process. When ultra pure virus mate-
rial is needed a combination of rate zonal centrifugation, monolithic
chromatography and equilibrium centrifugation techniques can be
combined. Our results also demonstrate the potential of monolithic
chromatography for preparative puriﬁcation of viruses for biochem-
ical and structural analysis as well as for other applications.Materials and methods
Viruses, bacteria, production of virus particles and virus particle
concentration by polyethylene glycol-NaCl precipitation
Bacteriophage PRD1 (Olsen et al., 1974) was grown on
S. enterica serovar Typhimurium LT2 DS88 (Bamford and Bamford,
1990) in Luria-Bertani medium at 37 1C. For virus production
DS88 cells were infected using a multiplicity of infection of 10.
After cell lysis, the lysate was centrifuged (Sorvall SLA3000 rotor,
8000 rpm, 15 min, þ5 1C). The virus particles were precipitated
from the supernatant using 10 w/v% polyethylene glycol 6000 and
0.5 M NaCl, centrifuged (see above) and resuspended in a buffer
(20 mM potassium phosphate buffer pH 7.2, 1 mMMgCl2). For CIM
columns PEG-precipitated virus was diluted into the same buffer
with the ﬁnal volume of the lysate.
Bacteriophage phi05_2302 (Gaidelyte et al., 2007) was grown
on P. aeruginosa PAO(R18) in Luria-Bertani medium at 37 1C.
Viruses were produced by infecting PAO(R18) cells using a multi-
plicity of infection of 10. After 20 h of infection, the cells were
removed (Sorvall rotor SLA3000 rotor, 8000 rpm, 50 min, þ5 1C)
and the phage particle from the supernatant were collected
(Sorvall rotor T647.4, 35,000 rpm, 4 h 30 min, þ5 1C) and resus-
pended in a buffer (20 mM Tris–HCl pH 7.2, 150 mM NaCl, 1 mM
MgCl2, 0.2 mM CaCl2) to obtain 1/2 of the original lysate volume.
The virus particles were precipitated from the supernatant using
3 w/v% polyethylene glycol 6000 and 0.5 M NaCl, centrifuged
(Sorvall rotor SLA3000 rotor, 8000 rpm, 40 min, þ5 1C) and
resuspended in the same buffer (1/200 of the original volume).
Virus puriﬁcation by ultracentrifugation
Viruses were puriﬁed by rate zonal centrifugation using a
linear 5–20 w/v% sucrose gradient (Sorvall rotor AH629,
24,000 rpm, 55 min (for PRD1) or 5 h 45 min (for phi05_2302),
þ15 1C) as previously described for PRD1 (Bamford and Bamford,
1990). For equilibrium centrifugation, PRD1 was puriﬁed in a
linear 20–70 w/v% sucrose gradient (Sorvall rotor AH629,
24,000 rpm, at least 16 h, þ15 1C). Virus zones were collected
and concentrated by differential centrifugation (Sorvall rotor
T647.5, 32,000 rpm, 3 h, þ5 1C). The buffer for PRD1 (20 mM
potassium phosphate buffer pH 7.2, 1 mM MgCl2) and the buffer
for phi05_2302 (20 mM Tris–HCl pH 7.2, 150 mM NaCl, 1 mM
MgCl2, 0.2 mM CaCl2) were used in all puriﬁcation steps.
Virus puriﬁcation by chromatography
CIM 1ml-monolithic columns (BIA Separations) of two different
chemistries [quaternary amine (QA) and diethyl amine (DEAE)] were
used for virus puriﬁcation. The chromatography was performed at
room temperature at a ﬂow rate of 1 ml/min. The washing, regenera-
tion and storing of the columns were carried out as recommended in
the manufacturer’s instructions. All buffers and samples were ﬁltered
through 0.22 mm membrane ﬁlters. The monolithic columns were
equilibrated with the virus speciﬁc buffers (see above). Samples used
for chromatography were (i) lysate supernatant, (ii), DNAse I treated
lysate supernatant (DNAse I 100 mg/ml, Sigma-Aldrich, 37 1C, 1 h),
(iii) PEG-precipitated virus, and (iv) pre-puriﬁed virus by PEG
precipitation and rate zonal centrifugation.
After sample loading, the matrices were washed with 20
column volumes of the loading buffer to remove unbound
materials. Elution was carried out using 15–30 column volumes
of the equilibrium buffer with added sodium chloride (a linear
0–1.5 M NaCl gradient). The elution gradient optimization was
conducted using the same buffer but with different pH values
(pH 6.0, 6.5, 7.2, or 8.0).
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The number of infectious viruses was determined by plaque
assay method (Adams, 1959). Protein concentration was deter-
mined using Bradford assay (Bradford, 1976) using bovine serum
albumin as a standard. Sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE; 16% polyacrylamide) was per-
formed as previously described (Olkkonen and Bamford, 1989).Acknowledgements
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